We propose an intrinsic spin scattering mechanism in graphene originated by the interplay of atomic spin-orbit interaction and the local curvature induced by flexural distortions of the atomic lattice. Starting from a multiorbital tight-binding Hamiltonian with spin-orbit coupling considered non-perturbatively, we derive an effective Hamiltonian for the spin scattering of the Dirac electrons due to flexural distortions. We compute the spin lifetime due to both flexural phonons and ripples and we find values in the 1-10 ns range at room temperature. The proposed mechanism dominates the spin relaxation in high mobility graphene samples and should also apply to other planar aromatic compounds.
Introduction. The electron spin lifetime in carbon materials is expected to be very long both because of the very large natural abundance of the spinless nuclear isotope 12 C and the small size of spin orbit coupling. In the case of flat graphene, the spin projection perpendicular to the plane is conserved, even in the presence of the intrinsic spin-orbit coupling. Thus, graphene was proposed as an optimal material to store quantum information in the spin of confined electrons [1] . Experiments [2] [3] [4] [5] [6] [7] show that the spin lifetimes are much shorter than expected from these considerations, which is conventionally attributed to the combination of two extrinsic factors: the breaking of reflection symmetry due to coupling of graphene to a substrate [8] and/or a gate field, and the breaking of translational invariance due to impurities [9] .
Here we propose a radically different scenario: efficient spin relaxation is intrinsic to graphene due to the interplay between its unique mechanical and electronic properties. We show that flexural distortions, unavoidable in two dimensional crystals [10] in the form of either static ripples or phonons, induce spin scattering between the Dirac electrons, to linear order in the flexural field. This coupling differs from the spin-conserving second-order interaction between Dirac electrons and flexural distortions [11] that has been proposed as an intrinsic limit to mobility in suspended high quality samples [12, 13] .
The fact that curvature enhances spin-orbit scattering has been discussed in the case of carbon nanotubes [14] , graphene [15] [16] [17] and graphene ribbons [18] . In the present Letter we derive a microscopic Hamiltonian that describes explicitly the spin-flip scattering of electronic states of graphene due to both dynamic and static flexural distortions. We describe graphene by means of a multi-orbital atomistic description that naturally accounts for the two crucial ingredients of the proposed intrinsic spin-phonon coupling: the intra-atomic spin orbit coupling (SOC) and the modulation of the inter-atomic integrals due to atomic displacements. Importantly, both the SOC and the flexural distortions couple the Dirac electrons to higher energy σ bands, in the spin-flip and spin conserving channels respectively. Their combined action results in an effective spin-flip interaction for the Dirac electrons. The spin-flip scattering rates computed from the theory are shown to provide a very efficient intrinsic spin relaxation mechanism in graphene at room temperature, without the need to invoke scattering with impurities or extrinsic SOC. We find that the spin liftetime of electrons depends crucially on the long wavelength mechanical properties of the sample, determined by its coupling to the environment.
Microscopic model. Our starting point is the tightbinding Hamiltonian H = H SC + H SOC for electrons with spin s moving in a lattice of atoms r, with atomic orbitals o. We write the hopping part as
considering explicitly the dependence of the (spin conserving) inter-atomic matrix elements on the positions of the atoms. The intra-atomic SOC reads
where S is the spin operator, L( r) is the orbital angular momentum operator acting upon the atomic orbitals of site r and λ is the spin-orbit coupling parameter.
Deviations from the ideal graphene lattice affect its electronic properties via modifications of the transfer integrals in Eq. (1) . Their dependence on the inter-atomic distance, for example, gives rise to an electron-phonon interaction analogous to that of conducting polymers arXiv:1202.6216v1 [cond-mat.mes-hall] 28 Feb 2012 [19] and leads to the appearence of effective gauge fields [16, 20] . In the present model, we consider instead the coupling with flexural distortions arising from the angular dependence of the interatomic Hamiltonian. We describe corrugations away from perfectly flat graphene in the form r r 0 +h( r)ẑ, where r 0 is a vector of the honeycomb lattice and h( r) is the displacement of atom r perpendicular to the graphene sheet. We expand the interatomic Hamiltonian matrix to lowest order in the flexural field h( r) and rewrite the Hamiltonian as H = H 0 + V, where H 0 now describes ideally flat graphene including the weak intra-atomic SOC perturbation, and
is the spin-conserving coupling between electrons and corrugations.
Electron-flexural phonon scattering. It is now convenient to recast Eq. (3) in terms of the eigenstates of the Hamiltonian H 0 for flat graphene. In this context, atoms are specified by their unit cell vector, R, and their position r α inside the cell (sublattice index α = A, B). The creation operators for Bloch states are related to atomic orbitals through:
where k is the wave-vector, the coefficients C ν, k (α, o, s) are obtained from the diagonalization of the Bloch matrix and ν is an index that labels the resulting bands (with mixed spin and angular momentum). Similarly, we expand the flexural field on each sublattice in its Fourier components,
. After a lengthy but straightforward calculation, we can express Eq. (3) as a term causing scattering between crystal states with different momentum and band index:
The coupling is linear in the flexural phonon field, through the form factor
This should be contrasted with the electron-flexural phonon coupling usually considered within the π subspace [11] [12] [13] 20] , that is quadratic in the field because of the quadratic dependence of interactomic distances on h. Note that H oo is short ranged within our tight-binding description, which limits R to the 4 vectors connecting neighboring cells (inter-cell coupling), as illustrated in Fig. 1a , plus the null vector (intra-cell coupling). Slater-Koster parametrization. Equations (5,6) provide a general recipe to compute the coupling of electrons of a generic tight-binding Hamiltonian to a flexural field. We now show that because we have included the SOC in the reference Hamiltonian H 0 , the perturbation Eq. (5) is able to induce a direct coupling between states with opposite spin. Following previous work [14, 15, 17, 18, 22] we consider a subset of 4 valence orbitals of the Carbon atom, namely o = s, p x , p y , p z , and adopt a SlaterKoster (SK) [21] parametrization for the tight-binding Hamiltonian Eq. (1) [23] . In this framework, the interatomic matrix elements H o,o connecting the atom α at r α with atom α at r α + R can be expressed in terms of 4 parameters, V ss , V sp , V σπ , V ππ , describing interorbital overlaps in the s, p basis [18, 21] , and the three director cosines l, m, n of the interatomic bond vectors ρ = r α − r α − R, defined by ρ ≡ ρ (lx + mŷ + nẑ). Setting U x ≡ V ppπ + x 2 V σπ and V σπ ≡ (V ppσ − V ppπ ) we can write the SK matrix in compact form as
The unperturbed crystal states for flat graphene are described by H( ρ) with n = 0 (all bonds within the x, y plane). The resulting band structure is shown in Fig. 1b . From Eq. (6), the electron-flexural distortion coupling is determined by ∂ z H( ρ) = (1/d)∂ n H( ρ), where d is the equilibrium C-C distance. Direct inspection of Eq. (7) shows that H( ρ)(n = 0) does not couple the p z and s, p x , p y sectors, while ∂ n H( ρ) does. As a result, the π and σ bands of flat graphene are not mixed in the absence of SOC, unless they scatter with flexural distortions. In the presence of SOC, however, the
The above derivation shows that there are two perturbations that couple π and σ states, the spin-conserving coupling to the flexural field, and the spin-flip SOC. Their combination is able to yield a spin-flip channel within the low energy π bands, that is linear in both the flexural deformation and in the atomic spin-orbit coupling λ, in contrast with the λ 2 perturbation that applies to flat graphene [15] .
Spin-flip rates. We now apply the microscopic theory developed above to compute the spin relaxation rate for electrons close to the Dirac points. Anticipating that the dominant contributions to spin-flip scattering arise from the long-wavelength, low energy flexural modes, we consider the lower flexural branch for which ω q ∝ q 2 (see below), discarding the higher energy modes that involve out of phase vibrations of the two sublattices. The flexural field is factored out from Eq. (5) by setting h A ( q) = h q and h B ( q) = e i q·( r B − r A ) h q , which yields:
with
The standard form for the phonon spin-flip interaction in second quantization is readily obtained by substituting h q = 2M C ω q (a † − q + a q ) into Eq. (8), with M C the Carbon mass.
The spin relaxation rate can now be calculated from Eq. (8) via the Fermi golden rule. Because the dispersion of the flexural modes is much weaker than the electronic dispersion, we can safely neglect the phonon frequency in the energy conservation. The relaxation rate for an electron with momentum k in the band ⇑ is then obtained by summing over both phonon absorption and emission processes and over all possible final states in the ⇓ band, which yields:
This, together with the explicit expressions for the spinflip matrix elements in Eq. (6), constitutes the main result of this work. From Eq. (9) it is clear that once that the specific form of the electron-flexural phonon coupling, M ⇑,⇓ ( k, q), is known, the behavior of the spin relaxation rate is fully determined by by the statistical fluctuations of the flexural field, h 2 q . Interestingly, the above expression describes on an equal footing both low-frequency flexural modes (that arise in free-standing or weakly bound graphene or graphite) as well as static ripples (relevant to graphene deposited on a substrate). The proposed spin relaxation mechanism therefore applies without distinction to both physical situations.
For actual calculations we approximate the π band energies as E k = ± v F | k|, which is valid except for a negligible interval around the Dirac point, where the SOC opens a gap of the order of few µeV . Energy conservation implies k 2 + q 2 + 2kq cos θ = √ k 2 . This fixes the relative angle between k and q to cos θ = − q 2k (see Fig.1c ), which allows to perform the angular integration in Eq. (9), yielding:
In principle, the spatial derivative in the electronphonon coupling elements of Eq. (6) should translate into a linear scaling of the matrix elements M ⇑,⇓ with exchanged momentum q. This result, however, only holds at the Dirac points, i.e. for k = 0. From our numerics, we find instead that in the relevant case of small but finite k the matrix elements evaluated on the energy-conserving surface satisfy the non-trivial result:
independent on the SK parameters. Fluctuations of the flexural field. We now evaluate the flexural fluctuations h 2 q in different cases of physical interest. We start with the expression for free-standing graphene at thermal equilibrium:
where n B (ω q ) is the thermal population of mode q and the second equality holds when k B T ω q . For purely harmonic flexural modes, for which ω q Dq 2 , the fluctuation h 2 q diverges as q −4 for small q. This divergence is renormalized due to the interaction with other phonons (i.e. by anharmonic effects) [24] , and can be further cut off by the presence of strain [13] or pinning to a substrate [25] . The resulting dispersion can be written in general as ω q = D q 4 + q 4−η q η c so that, in the long wavelength limit, (13) where η and q c depend on the physical mechanism of renormalization. Specifically, substrate pinning opens a gap in the phonon spectrum [25] , corresponding to η = 4; strain makes the dispersion linear at long wavelengths [13] (η = 2); anharmonic effects yield η = 0.82 [24] .
Based on the asymptotic long-wavelength behavior Eq. (13) we obtain the following general expression for the spin relaxation rate in terms of the scaling parameter η, momentum k, and cutoff q c , valid for k q c :
where
] is a constant of order 1 and h
sionless measure of the C-C bond angle fluctuations [from Eq. (12), evaluated at q = 1/d q c ]. The spin relaxation rate increases linearly with temperature, following the thermal population of flexural phonons. A weaker temperature dependence arises when anharmonic effects dominate, because the anharmonic cutoff is itself temperature dependent, q c ∝ √ T [10, 24] . Interestingly, substituting the Fermi wavevector k F = √ πn into the above expression results in a density depencence Γ k F ∝ n (η−1)/2 (which is valid for E F k B T ). Therefore, the spin relaxation rate can either be an increasing or decreasing function of doping depending on the value of η, which is ultimately determined by the mechanical environment of graphene. At high density (k F q c ), instead, the cut-off becomes negligible and the integral in Eq. (10) converges to the result for ideal graphene [Eq. (14) with η = 0] regardless of the value of η. In view of these results, and because the proposed flexural spin relaxation mechanism is essentially independent from the spin-conserving scattering that determines the electrical mobility, some care should be taken when identifying the spin relaxation mechanism (Elliot-Yafet, or Dyakonov-Perel) from the relative scaling of the spin and momentum relaxation rates with carrier density, as is customarily done [6, 7, 16, 31] .
Results and discussion. The spin lifetime τ s = 1/Γ k F obtained from Eq. (10) for electrons at the Fermi level is plotted as a function of electron density in Fig. 2 . We take D = 4.6 · 10 −7 m 2 s −1 [13] , λ = 8 meV [26] , T = 300K and v F = 1.16 · 10 6 m/s from our SK band structure. Different curves correspond to different values of the scaling exponent η, i.e. to physically different mechanical environments for graphene. Two representative values of the cutoff momentum, q c = 0.01Å −1 and q c = 0.1Å −1 are considered, covering the large spread of q c values available in the literature. In both panels, the result for ideal graphene in the harmonic approximation is shown for reference (black) as it provides an absolute lower bound to the actual lifetime.
In the density range relevant to current graphene-based devices, the predicted spin lifetime is typically in the range of 1-10 ns at room temperature. Because the spin relaxation is dominated by the low energy fluctuations of the membrane, the shortest spin lifetimes are obtained in suspended unstrained graphene (red curve), i.e. when external mechanical influences are minimized and the mobility is possibly largest. This should also apply to the case of graphene on boron nitride [27] , where the substrate is atomically flat and effectively decoupled from the graphene layer. All in all, considering the electronic mobilities currently reachable in suspended graphene µ = 2 · 10 5 cm 2 /V s (6 · 10 4 cm 2 /V s in the case of BN substrates [27] ) our theoretical predictions for the spin lifetime set an intrinsic limit to the spin relaxation length in excess of L s ≈ 10µm at room temperature.
Longer spin lifetimes could be achieved by suppressing the fluctuations of the graphene membrane, by an applied strain (orange) [13] or substrate pinning (gray) (similarly, the proposed mechanism would be clearly ineffective in epitaxially grown graphene due to the strong interlayer binding). We note however that while quenching dynamical fluctuations, the coupling to a substrate may introduce static corrugations, which are also detrimental to the spin lifetime. This could be at the origin of the spin lifetimes measured in graphene on SiO 2 in Ref. [6] . Recent measurements of ripples of graphene on SiO 2 are indeed compatible with η 1 for* = 0.02 A −1 [28] , which is ascribed to the presence of substrate roughness. At densities such that k F > q * , the spin relaxation from such ripples is again described by Eq. (14), with now a prefactor h in principle be extracted from the experiment.
Concluding remarks. In summary, we have shown that corrugations, that are ubiquitous in graphene in the form of dynamical flexural phonons or static ripples, enable a direct spin-flip mechanism to linear order in both the flexural field and in the spin-orbit coupling. This mechanism provides an efficient source of spin relaxation, setting an intrinsic limit for the spin lifetime in high mobility samples. Such limit is however non-universal, as its precise value depends on graphene's mechanical environment, that determines the long-wavelength behavior of the flexural field. At room temperature, intrinsic spin lifetimes in the nanosecond range are expected in a very wide range of situations. We note that an analogous mechanism could be at the origin of the spin relaxation recently reported in small organic molecules [32] , with an enhancement of the spin-orbit coupling caused by the low-frequency molecular bending modes.
Finally, whereas the existence of a rather small upper limit for spin-lifetimes in graphene might present an obstacle for certain applications like spin transistors, the intrinsic spin-lattice coupling could open the way for hybrid devices, where a confined vibrational phonon could be coupled resonantly coupled to the spin-flip transitions of Zeeman split of confined Dirac electrons. Microwave pumping of such system could result in a maser behavior of the phonon mode [33] .
